In this paper, we will give our view of the role of TCAD in the industrial technology development process, as well as of the division of labor between industrial TCAD, vendors of commercial TCAD software, and academia. Furthermore a list of model shortcomings is presented that -we feel still -prevent broad productive use of TCAD in industrial technology development. In the end we will define our primary demands for future development work on process and device simulation by vendors and institutes and our vision of the role of TCAD frameworks.
Introduction
Technology CAD was always meant to be used by semiconductor industry for device design and manufacturing process development. Although pretty significant progress of models and tools has been made over the years, the actual application of process and device simulation in technology development still does not come up to ambitious expectations. We will discuss the reason for this somewhat disappointing situation as well as our demands and visions for the future of TCAD.
The mission of industrial TCAD, the role of vendors and academia
The mission of an industrial TCAD department is not just "to do simulation" or "to provide TCAD models" but to increase the productivity of the technology development process in microelectronics. Thus, a significant impact of TCAD application should be a reduction of development time, number of learning cycles, and development costs. Otherwise, there would be no investment in TCAD departments and software. To come up to these expectations two main tasks have to be accomplished. The first is to make TCAD reliable, i.e. looking after the proper models. The second is to promote and to support the application of TCAD programs as tools for the process development engineer. About 10 years ago industry was mostly using (if at all) proprietary TCAD tools and/or programs directly provided by institutes from universities (e.g. MINIMOS [1], SUPREM [2] , and PISCES [3] ). The R&D departments were mostly responsible for further development of models and tools. Since then a highly specialized software industry has developed that offers today programs (most of them still based on the university codes). Some of these programs have become a quasi-industry standard (e.g. TSUPREM-4 [4] ). The reasons for paying a significant amount of money for this commercial software rather than using in-house or university tools for free are similar to those in other fields where software is used in industry. Especially in the TCAD area the demands of the semiconductor industry induce that generally accepted physical models delivered by universities are implemented into the tools along the line of the technology development. Based on this distribution of tasks, neither software support nor the implementation of other scientists' models are adequate tasks of universities or institutes. We see the main role of academia in the development of predictive physical models. In this context, the university codes [5] [6] [7] [8] have still their raison d'etre for test implementation and verification of new physical models. Therefore, the right way to make a new simulation model productive for technology development is a) to convince the community by publication, b) to promote the implementation of the new model in one of the vendor tools. Without step b, a new model will be of little use for industrial application. This might gradually change in the near future when flexible model interfaces (which are announced today) are available for the commercial programs. In Fig. 1 we try to illustrate this idea of a division of labor between academia, software vendors, and industrial TCAD.
Model needs
As mentioned above, we believe that the main challenges TCAD development is still to provide adequate physical models for predictive simulation. Typical simulation accuracy requested in an industrial environment is e.g. to predict MOSFET drain currents (based on "default parameters") for a new process with relative deviation of less than 5%. Today this is only possible after careful calibration to an existing technology. In the following sections we will list some model shortcomings in the area of device and process models that prevent the TCAD user from being more predictive. This list covers a number of classical problems which in our view are still not solved satisfactorily at least in the frame of commercial simulation tools. We also have some new topics on our list which are hardly tackled at all in available programs. 
Division of Labor for TCAD -Development

3.. 1 Device simulation problems
The first two problems have a long tradition in device simulation. A lot of (sometimes very successful) modeling has been done in this field. However the solutions to be found in commercial software are pretty disappointing.
• Mobility in MOSFETs with thin gate oxides / high channel doping [9] including quantum mechanical corrections [10] • Hot-carrier effects like substrate current, device degradation, and reliability. Actually a lot of modeling work has been done in this field. Nevertheless the models to be found in commercial simulation tools are still not at all sufficiently accurate even for mere substrate current calculation.
• Junction leakage current due to mechanical stress [11], dislocations or point defects • Models for nonvolatile devices with ferroelectric [12] or ferromagnetic materials [13] .
Turning from the single device to the circuit, hot topics are • circuit reliability [14] • parasitics extraction for large circuits with realistic non-rectangular interconnect geometry [15] • worst case / circuit yield simulation [16] . For the single devices we mentioned modeling problems where we expect solutions from academia. On the other hand the circuit problems could be solved by the software houses. The underlying physics and methodology is rather well known. The problem is to handle quite complex systems of many interacting elements. The first commercial tools are available but have not yet been implemented into the standard tool flow of circuit design. Thus, one important task is to establish the link to the ECAD world.
Process simulation problems
As goes for the device modeling problems there are some promising solutions to be found in literature for some of the following topics, especially the classical ones, but no consistent modeling is available in state-of-the-art commercial software.
• Correct modeling of dopant profiles especially at material boundaries [17] , at high concentration [18] or after ion implantation [19] • Doping activation and deactivation phenomena • Amorphization and recrystallization [20] • Mechanical stress and dislocation formation [21, 22] • Processing and geometry dependence of the hysteretic properties of ferroelectric and ferromagnetic materials [23] • Modeling of so called "isolated-nested" effects, i.e. ..loading effects" during plasma deposition and etch [24] • Chemical mechanical polishing [25] . The last two topics bear a common conceptual difficulty. To solve these problems the medium range vicinity of the actually simulated (microscopic) part of the wafer has to be taken into account. For a solution, concepts of the conventional process simulation (typical scale: 1 -10 urn) and strategies and know how of the equipment simulation (typical scale: 10-100 cm) must merge together in order to extend process simulation into the new areas. Problems to be solved mainly by vendors in the field of process simulation arc • 3D simulation • adaptive gridding that really works. Fig. 2 illustrates the increasing range of TCAD application through history projected into the future.
Hierarchy of simulation tools
We are aware of the fact that a number of the modeling topics listed above have been or can be solved today with satisfactory accuracy, but only with excessive cost in terms of CPU time (e.g. Monte Carlo (MC) or molecular dynamics (MD) codes). Thus, these solutions are not useful for technology development or process latitude analysis. Nevertheless, these programs play an important role in the value chain (academia -SW vendor -industrial simulation departments -process engineer). They provide a means to virtually ..measure" quantities which are not measurable with sufficient accuracy in physical reality (carrier distributions, 2D and 3D impurity distributions, activation energies, etc.). Thus, the results of these more accurate but very slow programs can be used to tune heuristic CPU efficient models. These heuristic models are then suitable for implementation into commercial software. This makes it possible after all to use the results of very complex and time consuming programs for technology development. The same is true for simple response surface models (RSM) which make the results of still too time consuming 2D process and device simulations available on the PC of the device engineer for fine tuning of the process for optimum performance etc.. Fig. 3 illustrates the trade-off of speed and accuracy in the hierarchy of simulation tools. 5 . Vision of industrial use of TCAD TCAD frameworks can possibly play an important role in making TCAD available for the non-expert. The typical user of such a framework would be a device engineer or even a circuit designer. The framework should enable him to use TCAD as naturally as he uses a range table, a pocket calculator or an Excel sheet today. Thus, the task of a TCAD framework should be first to ease the use of TCAD tools including possibilities for design of experiments and optimizations (as today already partly realized in available systems). Second and even more important, it should reduce the risk of false usage of these tools to a minimum and make every result completely retrievable! This framework together with the implemented tools represents an expert system for silicon processing. However, we still see the open model questions as the main blocking point. Prerequisite for a productivity enhancement by the use of TCAD frameworks is that models are sufficiently accurate and a number of unique rules can be formulated on how to calibrate and use these models correctly. Only then process or device simulation modules can be defined which are safe to use and which can be exchanged without the risk of wrong results.
Conclusion
Although a lot of progress has been done in the last decade, we are still far from the "brave new world" of plug and play TCAD tools. Still a number of old modeling problems are open and new modeling tasks come up with every new key processing step or material. We suggest a clear division of tasks between academia (model development, providing results from virtual or sophisticated real experiments for heuristic model calibration) and software vendors (develop and support complex tools). Industrial TCAD groups should provide the requirements for current and future technologies as well as a conceptional structure of a TCAD framework. We will have reached our goal when the technology development engineer will use the tools as naturally and successfully as a circuit designer uses SPICE simulation and parasitics extraction today.
